Silks are protein polymers that differ in their components and structures according to the insects producing the silk.
Hydrolysis of silk proteins from silkworms leads to different peptide sizes, which eventually creates peptides that are 18-19 amino acids in length, while enzymatic degradation results in specific sizes or compositions of peptides 10, 11) exerting diverse bioactivities 4, 12, 13) such as anti-diabetic, [5] [6] [7] [8] [9] hypocholesterolemic, 10, 14, 15) anti-oxidant, 16, 17) immunoregulatory, 18) anti-tumor, 17, 19) anti-viral, 20) anti-bacterial 21) effects. Silk amino acids (SAA) were also shown to decrease blood triglycerides and to preserve hepatic function. 10, 14) In our previous studies, we found that repeatedly treating resting rats with a SAA preparation lowered blood levels of tissue injury parameters from the muscles and the liver. 22) Also, it increased glucose and albumin levels, and potentiated hematopioesis including lymphocyte counts. Furthermore, a high dose (800 mg/kg) of SAA exerted stamina-enhancing activity in forced swimming mice by preventing tissue injuries and increasing anti-fatigue parameters. 23) Such effects led us to investigate the effects of a SAA preparation on the physical stamina (energy-boosting) and male reproductive function in a forced swimming model.
Forced swimming tests have been used to evaluate the behavioral performances of rodents to predict the efficacy of anti-depressant treatments, [24] [25] [26] since the animals exhibit immobility behavior considered a depression-like response, as a reflection of helplessness when subjected to an incapable situation. 27) Similarly, weight-loaded swimming tests have also been used as a reference for measuring the fatigue level objectively and quantitatively. [28] [29] [30] Recently, forced swimming tests were adopted not only to assess adjustment of rodents, but also to evaluate male reproductive function under repeated stress situations. [30] [31] [32] [33] The aim of the present study was to determine the effects of SAA, an amino acid preparation from silk (cocoon), on physical stamina and male reproductive function. Especially, we analyzed not only the maximum swimming time and blood and tissue parameters of muscular and hepatic injuries, but also hormone concentration and sperm counts following weight-loaded forced swimming.
MATERIALS AND METHODS

Materials
A preparation of SAA from acid (HCl) hydrolysate of silk proteins was obtained from Worldway Co., Ltd. (Jeoneui, Korea). The SAA preparation was mainly composed of Ala (34.36%)ϾGly (27.23%)ϾSer (9.58%)Ͼ Val (3.49%)ϾThr (2.00%), and minor amino acids.
23)
Animals Eight-week-old male ICR mice (29-31 g, nϭ10 per group) were procured from the Daehan Laboratory Animal Center (Eumseong, Korea). The animals were maintained at a constant temperature (23Ϯ2°C), relative humidity 
Treatment and Forced Swimming
To allow the mice to adapt to a swimming pool with a constant water temperature of 25Ϯ0.5°C, all mice swam for 30 min 4 d before the experiment. The mice were divided into two main groups: resting and swimming exercise groups. The animals in the exercise groups were administered freeze-dried SAA (50, 160 or 500 mg/kg) or its vehicle (water, 5 ml/kg) by gavage for 44 d, and swam for 30 min daily 30 min after the treatment during the experimental period except the days of the forced swimming test.
All mice were subjected to a weight-loaded forced swimming exercise on the 14th, 28th and 42nd day 30 min after treatment. The mice were loaded with a lead ring weighing 5% of their body weight to the tail, and were then placed in the swimming pool. 27, 30) The test was induced by forcing animals to swim until exhaustion, which was determined by observing loss of coordinated movements and failure to return to the water surface within 7 s. This 7-s cut-off time was used as a criterion of the maximum swimming capacity of the animal.
Necropsy and Biochemistry After 44 d of treatment with the SAA preparation and a 2-d recovery period following the maximum swimming test on day 42, the mice were fasted for 4 h, and sacrificed under ether anesthesia. Blood was collected and serum concentrations of tissue-injury parameters such as creatine phosphokinase (CPK), aspartate transaminase (AST), lactate dehydrogenase (LDH), alanine transaminase (ALT), blood urea nitrogen (BUN), creatinine and lactate as well as anti-fatigue parameters including glucose and total proteins (TP) were determined using an autoanalyzer. 23, 27, 30, 34) The gastrocnemius muscles, liver, spleen, thymus, adrenal glands, testes and epididymides, the organs susceptible or related to exhaustion and reproduction, were removed and weighed.
Measurement of Hepatic and Muscular Glycogen Samples of frozen tissues (30 mg) were hydrolyzed in 0.3 ml of 30% potassium hydroxide (KOH) solution in a boiling water bath for 30 min under intermittent shaking. After cooling to room temperature, 0.1 ml of 1 M sodium sulfate and 0.8 ml of ethanol were added. The samples were boiled again for 5 min to facilitate precipitation of glycogen, and then centrifuged at 10000 g for 5 min. The glycogen pellet was dissolved in 0.2 ml of water, and two additional ethanol precipitations were performed. The final pellet was dried and dissolved in 0.2 ml amyloglucosidase (0.3 mg/ml) in 0.2 M sodium acetate buffer (pH 4.8) and incubated for 3 h at 40°C. The reaction mixture was then diluted two-fold with water. To determine the glucose concentration, the diluted sample was added to the glucose assay solution which contains triethanolamine-KOH (pH 7.5), adenosine 5Ј-triphosphate, b-nicotinamide adenine dinucleotide phosphate, and glucose-6-phosphate dehydrogenase as previously described.
35) The absorbance at 340 nm was determined before and after addition of hexokinase.
Measurement of Muscular Thiobarbituric Acid-Reactive Substances (TBARS) The gastrocnemius muscles were minced and homogenized in 9 volumes of cold phosphate-buffered saline (PBS, pH 7.4) for 2 min at 4°C using a tissue homogenizer. 0.5 ml sodium dodecyl sulfate (8.1%) and acetic acid (1 ml) solutions were added to the homogenate (0.5 ml) and vortex-mixed. After adding 0.5 ml TBA solution (0.75%), the mixture was boiled for 60 min at 95°C. After rapid cooling to room temperature and centrifuge, the absorbance of the supernatant was read at 532 nm, and quantified from a standard calibration curve using 1,1,3,3-tetraethoxypropane.
36)
Hormone Analysis Serum concentrations of corticosterone and testosterone were analyzed by solid phase radioimmunoassay with 125 I (sensitivityϭ0.04 ng/ml: intra-and inter-assay coefficients of variations were 8.4 and 15.2, respectively) (Molecular Device, Emax, U.S.A.).
Sperm Counts and Motility
The testes of each animal were homogenized in 9 volumes of PBS for 2 min, and sonicated at 4°C for 3 min to obtain homogenization-resistant sperm heads. The number of sperm heads was counted using a hemacytometer. 37, 38) Epididymal sperms were flushed out into Hank's balanced salt solution (pH 7.2) containing bovine serum albumin (5 mg/ml). After 10-min incubation at 37°C, an aliquot (5 ml) of the culture medium was placed into a microwarm plate (37°C) with cover glass, and the rate (%) of motile sperms was counted under a light microscope (ϫ400).
37)
Statistical Analysis
The results are presented as meansϮS.D. The significance of differences of all results were analyzed by one-way analysis of variance (ANOVA) followed by the Tukey's test correction.
RESULTS
Daily swimming exercise for 30 min remarkably lowered the body weight gain by 10-20% compared to that of resting animals (Fig. 1) . In addition, weight-loaded forced swimming, which was conducted to determine maximum swimming time on days 14, 28 and 42, caused marked, but transient, body weight loss. This exercise-induced reduction of body weight gain was somewhat facilitated by SAA treatment.
Repeated swimming performance increased the maximum swimming time to some extent (30-50%), in spite of a reduced body weight gain (Fig. 2) . Fourteen-, 28-and 42-d administration of the SAA preparation further enhanced the maximum swimming time in a dose-dependent manner. Although only a high dose (500 mg/kg) of SAA significantly increased (35.9%) the maximum swimming time on day 14, long-term administration (м28 d) of medium (160 mg/kg) and high (500 mg/kg) doses markedly improved the physical stamina, resulting in a 58.8% and 121.4% increases on day 42.
Daily swimming exercise and forced swimming tests on days 14, 28 and 42 tended to decrease the weights of the liver and thymus, but slightly increased those of the adrenal glands, epididymides and muscles ( Table 1 ). The changes in the weight of the liver, thymus and adrenal glands were recovered by supplementing the SAA preparation. Especially, SAA further increased the mass of gastrocnemius muscles directly related to exercise, in addition to slightly increasing the weight of the testes and epididymides.
Forced swimming exercises increased blood damage markers of the muscles (increases in CPK, AST and LDH) and liver (increases in AST, ALT and LDH), induced accumulations of nitrogen (BUN), creatinine and lactic acid (Table 2) , and depleted energy sources (decreases in blood glucose and TP as well as hepatic and muscular glycogen) ( Table 3) . Interestingly, exercise-induced increase or depletion in the blood and tissue parameters were substantially attenuated or supplemented by treatment with the SAA preparation.
The TBARS content in the gastrocnemius muscles was remarkably increased after daily swimming exercise and exhaustive forced swimming (about 20%) (Fig. 3) . Such an increase in lipid peroxidation was suppressed by the SAA preparation in a dose-dependent manner, to a normal level even at a low dose (50 mg/kg), and further at doses м160 mg/kg. The mice were subjected to forced swimming on days 14, 28 and 42. ᭺, resting control; ᭹, swimming exercise; ᭢, swimming ϩ50 mg/kg SAA; , swimming ϩ160 mg/kg SAA; ᭜, swimming 500 mg/kg SAA. Error bars and significance marks were omitted to show the symbols more clearly. Swimming exercises significantly increased the blood corticosterone level to 2.4 folds relative to the control, which was near-fully attenuated by SAA treatment (Table 4) . Interestingly, continuing exercise remarkably lowered the blood concentration of testosterone to 64% of the control value. However, it recovered to a level higher than that of the normal control by SAA treatment, although a dose-dependent effect was not achieved.
Repeated exercise induced negligible effects on the testicular sperm counts and epididymal sperm motility, although sperm counts were slightly lowered (Fig. 4) . Daily treatment with SAA (50-500 mg/kg) during exercise increased testicular sperm counts by 37.7-55.2%, without influencing sperm motility.
DISCUSSION
Daily 30-min swimming exercise attenuated the body weight gain of mice. In addition, exhaustive forced swimming caused transient body weight loss, which might be due to increased energy consumption. Interestingly, treatment with SAA during exercise further reduced the body weight gain, which was also shown in the resting mice. 23 ) Therefore, it is expected that intake of SAA during exercise synergistically reduces body weight gain.
Repeated swimming exercise increased the maximum swimming time to some extent, indicating an enhanced basic physical strength. Such a stamina-enhancing effect was inferred from the increased mass of gastrocnemius muscles, which is directly related to running ability. Notably, SAA further increased the mass of muscles, in spite of the reduced body weight gain, and thereby markedly improved the swimming ability of mice. It is well known that excessive movement induces lipid peroxidation of tissues including muscles. 16, 17) Most of all, SAA fully prevented gastricnemius muscles from oxidative injury following exhaustive forced exercise, suggestive of its direct muscle-preserving (anti-oxidant) activity. 8, 12, 16, 17) In addition, it is believed that a part of the stamina-improving effect of SAA may come from its anti-fatigue activity, since it recovered blood glucose and proteins depleted by forced swimming exercise. 23, 27, 30, 34) In addition to loss in body and liver weights related to energy depletion, exercise stress causes damage to various tissues and organs. In the present study, swimming stress decreased the weight of the liver and thymus, but increased those of the adrenal glands and gastrocnemius muscles. This stress led to increases in the blood parameters of tissue injury; CPK, BUN, creatinine and lactic acid from the muscles, AST and LDH from the muscles and liver, and ALT from the liver. Notably, SAA markedly recovered the blood parameters of tissue damage, which was also observed in both resting and exercise-stressed animals. 22, 23) Such effects might be due to its tissue-preserving activities via direct antioxidant or indirect energy-preserving effects, in parallel with previous reports that showed the beneficial effects of branched-chain amino acids on CPK, LDH, lactate, 39, 40) suggestive of a partial role of branched-chain amino acids included in SAA (3.49% Val, 1.25% Ile and 1.24% Leu). 23) In addition, SAA's antioxidant and energy-preserving activities were confirmed from its strong suppressive effects on lipid peroxidation of gastrocnemius muscles and the recovering action on hepatic and muscular glycogen. Tissue glycogen was well preserved by the branched-chain amino acids, although there were controversial results on the role of glycogen in improving exercise performances. 40, 41) In relation to the muscular adaptation to exercise, the effect of SAA on the mitochondrial change which is regulated by peroxisome proliferator-activated receptor g cofactor-1a (PGC-1a) remains to be further studied. 42, 43) It is well known that immune systems and adrenal glands are responsive to physical stresses. Forced swimming exercises increased blood corticosterone level, which might be mediated by excessive fatiguing stress. [44] [45] [46] It is assumed that the decrease in thymus weight resulted from the increased secretion of corticosteroids from the adrenal glands activated by exercise stress. [31] [32] [33] Interestingly, the decreased weight of the thymus was recovered by treatment with SAA. This presumably occurred by inhibiting the release of immunosuppressive corticosteroids from the adrenal glands. These immunopotentiative and hematopoietic effects of SAA were also observed in resting rats. 22) Continuing exercise remarkably lowered the blood concentration of testosterone, which may be due to reduced production under physical stresses. 45, [47] [48] [49] [50] [51] It has previously been demonstrated that increased corticosterone following stress suppressed testosterone secretion. 52, 53) It is worth noting that SAA not only near-fully reversed the increase in exerciseinduced corticosterone, but also recovered testosterone to a level higher than that of the normal control. Therefore, these results confirmed that SAA facilitated testosterone production, which was indicative of its anti-stress effect as well as action on the synthesis and/or metabolism of steroid hormones from adrenal glands and reproductive organs following amino acids treatment.
SAA tended to increase testes and epididymides weights, and recovered sperm counts reduced by forced swimming exercise, which were in parallel with the increased blood concentration of testosterone. It has been reported that forced swimming stress decreased testosterone secretion, and thereby inhibited spermatogenesis. 50, 54) Repeated stress activates hypothalamus-pituitary-adrenal axis, suppressing hypothalamus-pituitary-testis axis and male reproductive function. 55) Therefore, it is expected that SAA can restore exercise-induced decrease in sperm counts by recovering testosterone level, and thereby improve fertility rates. 38, 56) In the present study, SAA prolonged maximum swimming time by increasing muscle volume and preventing tissue injury and/or preserving anti-fatigue energy sources. SAA also increased the blood concentration of testosterone, leading to increased sperm counts. Taken together, these results suggest that SAA not only enhances physical stamina by minimizing damage to tissue including muscles as well as preventing energy depletion caused by swimming stress, but also improve male reproductive function by increasing testosterone and sperm counts.
